Incognito AV, Doherty CJ, Nardone M, Lee JB, Notay K, Seed JD, Millar PJ. Evidence for differential control of muscle sympathetic single units during mild sympathoexcitation in young, healthy humans. .-Two subpopulations of muscle sympathetic single units with opposite discharge characteristics have been identified during lowlevel cardiopulmonary baroreflex loading and unloading in middleaged adults and patients with heart failure. The present study sought to determine whether similar subpopulations are present in young healthy adults during cardiopulmonary baroreflex unloading (study 1) and rhythmic handgrip exercise (study 2). Continuous hemodynamic and multiunit and single unit muscle sympathetic nerve activity (MSNA) data were collected at baseline and during nonhypotensive lower body negative pressure (LBNP; n ϭ 12) and 40% maximal voluntary contraction rhythmic handgrip exercise (RHG; n ϭ 24). Single unit MSNA responses were classified as anticipated or paradoxical based on whether changes were concordant or discordant with the multiunit MSNA response, respectively. LBNP and RHG both increased multiunit MSNA burst frequency (⌬5 Ϯ 3 bursts/min, P Ͻ 0.001; ⌬5 Ϯ 8 bursts/min, P ϭ 0.005), burst amplitude (⌬5 Ϯ 7%, P ϭ 0.04; ⌬13 Ϯ 14%, P Ͻ 0.001), and total MSNA (⌬302 Ϯ 191 AU/min, P ϭ 0.001; ⌬585 Ϯ 556 AU/min, P Ͻ 0.001). During LBNP and RHG, 43 and 64 muscle single units were identified, respectively, which increased spike frequency (⌬9 Ϯ 11 spikes/min, P Ͻ 0.001; ⌬10 Ϯ 19 spikes/min, P Ͻ 0.001) and the probability of multiple spike firing (⌬10 Ϯ 12%, P Ͻ 0.001; ⌬11 Ϯ 26%, P ϭ 0.001). During LBNP and RHG, 36 (84%) and 39 (61%) single units possessed anticipated firing responses (⌬12 Ϯ 10 spikes/min, P Ͻ 0.001; ⌬19 Ϯ 19 spikes/min, P Ͻ 0.001), whereas 7 (16%) and 25 (39%) single units exhibited paradoxical reductions (⌬Ϫ3 Ϯ 1 spikes/min, P ϭ 0.003; ⌬Ϫ4 Ϯ 5 spikes/min, P Ͻ 0.001). The observation of divergent subpopulations of muscle sympathetic single units in healthy young humans during two mild sympathoexcitatory stressors supports differential control at the fiber level as a fundamental characteristic of human sympathetic regulation.
INTRODUCTION
The sympathetic nervous system (SNS) is critical for the normal regulation of cardiovascular function (4, 32) , although our understanding of the mechanisms controlling its outflow has shifted significantly over the last century (32, 35, 49) . Initially, the SNS was viewed as being responsible for generalized systemic outflow, representative of the "fight-or-flight" response. Later, the development of regional measurement techniques demonstrated that the SNS can be differentially controlled for specific target organs at rest and during stress (35) . However, this more sophisticated organizational model, regulated by both central networks and peripheral afferent reflexes (4, 32) , fails to incorporate data demonstrating that postganglionic sympathetic fibers innervating the same target organ can also be regulated differentially.
Evidence supporting this regulatory paradigm of the SNS stems primarily from two streams of observations. First, postganglionic muscle sympathetic action potential clusters have been shown to possess variable thresholds for recruitment, influenced by the magnitude of a sympathoexcitatory stimulus (for a review, see Ref. 49 ). Second, postganglionic sympathetic fiber subpopulations have been shown to respond selectively to different stimuli (7, 8, 13, 16) and/or with opposite discharge patterns to the same stimuli (43, 50) , postulated to be governed by an afferent specific organization within the central nervous system (for a review, see Ref. 35 ). The latter stream of evidence originates primarily from animal data; however, more recently, Millar et al. observed two subpopulations of muscle sympathetic fibers, termed single units (53) , with divergent discharge patterns during selective unloading and loading of the cardiopulmonary baroreflex using low-level (Ϯ10 mmHg) lower body negative pressure (LBNP) and positive pressure, respectively, in healthy middle-aged adults and patients with heart failure (33, 34) . The existence of these single unit subpopulations was hypothesized to be the consequence of parallel stimulation of cardiopulmonary unmyelinated and myelinated vagal afferents (33, 34) . Unfortunately, these conclusions were based on a relatively small number of muscle sympathetic single units and were obtained from populations who might have undergone age-or disease-related changes in SNS regulation or activity (32) . Furthermore, whether this regulatory paradigm exists outside of the cardiopulmonary baroreflex has yet to be investigated in humans.
Therefore, the purpose of the present investigation was to examine multiunit and single unit muscle sympathetic nerve activity (MSNA) responses to nonhypotensive LBNP (study 1) and moderate-intensity rhythmic handgrip exercise (RHG; study 2) in healthy young men and women. We hypothesized that both mild sympathoexcitatory stimuli would increase multiunit MSNA but that within the integrated multiunit MSNA envelope we would detect two subpopulations of MSNA single units with opposite firing characteristics. Such observations would support the capacity to regulate sympathetic outflow at the fiber level as being a fundamental characteristic of regulating the SNS in humans.
METHODS

Participants
We recruited 47 healthy young men and women, 7 of whom completed both studies. All participants were free of cardiovascular, metabolic, or neuromuscular diseases, nonmedicated, nonsmoking, in sinus rhythm, and without recent injury to the right upper limb, used to complete the exercise. All participants underwent a 24-h abstention from strenuous exercise, caffeine, and alcohol before experimental testing. Studies were approved by the University of Guelph Research Ethics Board, and all participants provided informed written consent before all testing.
Measurements
Continuous heart rate was collected using single lead electrocardiography (lead II, AD Instruments, Colorado Springs, CO). Minute-tominute blood pressure was collected using an automated oscillometric blood pressure cuff over the brachial artery (BPTru Medical Devices, Coquitlam, BC, Canada), and beat-to-beat blood pressure was acquired from a digit photoplethysmography cuff (Finometer MIDI, Finapres, Enschede, The Netherlands). The latter measurement was used to estimate beat-to-beat stroke volume using the ModelFlow method. A piezoelectric transducer belt (Pneumotrace II, UFA, Morro Bay, CA) placed around the thorax was used to monitor respiratory rate and depth (percent change from baseline). All continuous data were digitized and stored (AD Instruments) at a sampling frequency of 1,000 Hz except for the raw MSNA signal, which was sampled at 20 kHz.
Muscle sympathetic nerve activity. Microneurography (53) was performed (by A. V. Incognito and P. J. Millar) to obtain multiunit and single unit MSNA as previously described (34, 39) . In brief, a high-impedance tungsten microelectrode (FHC, Bowdoin, ME) was placed in the common fibular nerve~2 cm adjacent to a ground electrode placed beneath the skin. The raw MSNA signal was amplified (75,000ϫ) and bandpass filtered (0.7-2.0 kHz), and the multiunit MSNA signal was rectified and integrated using a 0.1-s time constant (model 662C-4, Nerve Traffic Analyzer, University of Iowa, Iowa City, IA). Placement of the microelectrode was maneuvered so that distinct large action potentials could be easily separated from the background noise to permit single unit MSNA analysis. Muscle sympathetic recordings were confirmed by increases in activity during a voluntary apnea and the absence of responsiveness to unexpected clapping (14) . The neural signal was monitoring both visually and audibly to ensure a stable microneurographic site throughout the study protocol. If a potential site change was found to occur, the study was immediately stopped and repeated after a period of rest to allow all values to return to baseline levels. The study was terminated if microelectrode stability was repeatedly compromised during the protocol.
Multiunit MSNA data were analyzed using a custom semiautomated LabView software program (National Instruments, Austin, TX) (33, 34, 38, 39) . Activity was quantified as burst frequency (bursts/ min), burst incidence (bursts/100 heart beats), as well as burst amplitude (%baseline peak) and burst area (%baseline max). Total MSNA was calculated as the product of mean burst frequency and normalized mean burst area and expressed as arbitrary units (AU) per minute. Single unit MSNA was analyzed using Spike2 (v.7, Cambridge Electronics Design, Cambridge, UK), as previously described (33, 34) . Spikes were identified in accordance with previously published criteria (27, 36, 37) , in which candidate single units were first identified based on a triphasic spike morphology with the main phase being negative and the amplitude of the negative phase lying within a selected threshold range. Spikes were then sorted based on shape and confirmed to belong to the same single unit on the basis of minimal variation of superimposed action potentials. The majority of spikes occurred within identifiable multiunit bursts, but on rare occasions spikes were observed independent of identifiable multiunit bursts and were included in the analysis. Spike activity was quantified as spike frequency (spikes/min), spike incidence (spikes/100 heart beats), and probability of multiple spike firing (probability of a spike firing more than once per cardiac cycle) (31, 36, 37) . All MSNA analyses were completed unblinded by a single investigator (A. V. Incognito).
Study 1
Twenty participants (26 Ϯ 4 yr old, 7 women and 13 men) were recruited; data from 11 of these participants had been previously reported to address an unrelated hypothesis (38) . All participants completed an introductory visit to familiarize themselves with the LBNP protocol ahead of the testing visit to reduce stress responses. During the testing visit, Participants positioned themselves in a comfortable supine position with their lower body within a custombuilt pressure tank and sealed at the iliac crest. The pressure within the tank could be altered using a modified vacuum cleaner motor and be monitored continuously with an instrumented pressure transducer (American Sensor Technologies, Mt. Olive, NJ) during simultaneous measurement of MSNA (38) . After instrumentation, participants rested for 10 min before undergoing a 6-min baseline period. Next, the pressure in the tank was gradually reduced over 30 -45 s. The average LBNP stimulus achieved was Ϫ7.4 Ϯ 1.8 mmHg. Low-level LBNP has been shown to selectively target the cardiopulmonary baroreflex independent of a large contribution from the arterial baroreflex (42, 54, 55) . The LBNP stimulus was maintained for 8 min.
Data and statistical analysis. The mean value of all variables was quantified over the 6-min baseline and the last 3 min of LBNP. All data are presented in absolute values with the exception of respiration depth, which was assessed as percent change from baseline. Across all participants, we identified seven single units in one participant, six single units in two participants, five single units in one participant, three single units in five participants, two single units in one participant, and one single unit in two participants. To align with our prior work (33, 34) , single unit MSNA responses were classified as anticipated or paradoxical, based on whether changes in spike frequency and incidence increased or decreased, respectively, during LBNP (i.e., changes that were either concordant or discordant with the multiunit MSNA response). To provide further confidence in our classification, we also grouped single unit responses based on whether the spike frequency during LBNP was above, within, or below the 3-min range of absolute values observed during the baseline period. For example, if a single unit fired 10 spikes/min during the first 3-min segment and 15 spikes/min during the second 3-min segment of the baseline period, a spike firing frequency of Ͻ10, 10 -15, and Ͼ15 spikes/min during LBNP was considered a paradoxical, nonresponse, or anticipatory response, respectively. The nonresponse classification described a firing frequency that did not exceed the normal variability detected at rest. Overall, this method provided stricter criteria for identifying paradoxical or anticipated responsiveness than calculation of the typical error of measurement.
Two-tailed paired Student's t-tests were used to compare variables between baseline and LBNP. Two-tailed unpaired Student's t-tests were used to compare baseline firing characteristics and responses of anticipated and paradoxical single unit groups. Additionally, twotailed unpaired Student's t-tests were used to compare hemodynamic and MSNA responses to LBNP (change scores) between individuals with and without paradoxical single units. All analyses were performed using SPSS Statistics 23 (IBM, Armonk, NY). The significance level was set at P Ͻ 0.05, and all data are presented as means Ϯ SD unless otherwise stated.
Study 2
Thirty-four participants (22 Ϯ 3 yr old, 14 women and 20 men) were recruited. An introductory visit was completed to familiarize participants with the RHG protocol ahead of the testing visit. During the testing visit, participants were positioned semirecumbent (30°f rom horizontal) and performed two to three maximal handgrip contractions with the right hand to establish a maximal volitional contraction (MVC). After instrumentation, participants rested for 10 min before undergoing a 3-min baseline period, a 30-s anticipation period, and 3 min of RHG at 40% MVC at a 1:1 s duty cycle (30 contractions/min).
Data and statistical analysis. The mean value of all variables was quantified over the 3-min baseline and during the last minute of RHG. The last minute of RHG was selected as this was the only time point that demonstrated significant increases in multiunit MSNA. As the discharge characteristics may be impacted by fiber size (5, 15, 17, 51) , we categorized single units on the basis of their relative amplitudes within the microneurographic neurogram at baseline, using the assumption that larger amplitude action potentials arise from larger diameter axons (5) . Across all participants, we identified six single units in one participant, five single units in two participants, four single units in two participants, three single units in nine participants, two single units in three participants, and one single unit in seven participants. Within each individual, we designated the largest amplitude single unit a value of 100% and expressed the remaining units (if present) as a relative percentage. A Pearson correlation was used to examine the influence of relative spike amplitude on baseline firing frequency.
Single unit MSNA responses were classified similarly as anticipated or paradoxical on the basis of whether changes in spike frequency increased or decreased, respectively, during the third minute of RHG [i.e., changes that were either concordant or discordant with the multiunit MSNA response (33, 34) ]. As in study 1, we also classified single unit responses based on whether the spike frequency during RHG was above, within, or below the range of 1-min absolute values observed during the baseline period, respectively. For example, if a single unit fired 10, 12, and 15 spikes/min during each 1-min segment of the baseline period, a spike firing frequency of Ͻ10, 10 -15, and Ͼ15 spikes/min during RHG was considered a paradoxical, nonresponse, or anticipatory response, respectively. Two-tailed paired Student's t-tests were used to compare variables between baseline and RHG. Two-tailed unpaired Student's t-tests were used to compare baseline firing characteristics of anticipated and paradoxical single units as well as baseline characteristics of individuals with and without paradoxical single units. Two-tailed unpaired Student's t-tests were used to compare hemodynamic and MSNA responses to RHG (change scores) between individuals with and without paradoxical single units and between subgroups of individuals with high and low MSNA responses. Fisher's exact tests were used to compare differences in single unit classification proportions between LBNP and RHG as well as between subgroups of individuals with high and low MSNA responses to RHG. All analyses were performed using IBM SPSS Statistics 23. The significance level was set at P Ͻ 0.05, and all data are presented as means Ϯ SD unless otherwise stated.
RESULTS
Study 1
All experimental procedures were well tolerated. Complete data with high-quality MSNA recordings were obtained in 12 participants (4 women and 8 men, age: 27 Ϯ 5 yr, body mass index: 24 Ϯ 3 kg/m 2 ). High-quality respiration data were obtained in 10 of 12 participants. Representative data at baseline and during LBNP are shown in Fig. 1 .
Hemodynamic and multiunit MSNA responses to LBNP. All hemodynamic, respiratory, and MSNA data are shown in Table  1 . As expected, low-level LBNP did not alter heart rate, blood pressure, stroke volume, cardiac output, total vascular conductance, or respiratory rate or depth (all P Ͼ 0.05) but increased the multiunit sympathetic response: MSNA burst frequency (⌬5 Ϯ 3 bursts/min, P Ͻ 0.001), MSNA burst incidence (⌬8 Ϯ 6 bursts/100 heart beats, P ϭ 0.001), MSNA burst amplitude (⌬5 Ϯ 7% of baseline peak, P ϭ 0.04), and total MSNA (⌬302 Ϯ 191 AU/min, P Ͻ 0.001).
Single unit MSNA responses to LBNP. We identified 43 muscle sympathetic single units (Table 1) , which demonstrated an overall increase in spike frequency (⌬9 Ϯ 11 spikes/min, P Ͻ 0.001), spike incidence (⌬18 Ϯ 20 spikes/100 heart beats, P Ͻ 0.001), and probability of multiple spike firing (⌬10 Ϯ 12%, P Ͻ 0.001). The changes in the number of spikes per cardiac cycle during LBNP are shown in Fig. 2 . Among these single units, 36 (84%) were categorized as anticipated, possessing increases in spike frequency (⌬12 Ϯ 10 spikes/ min, P Ͻ 0.001), spike incidence (⌬22 Ϯ 19 spikes/100 heart beats, P Ͻ 0.001), and probability of multiple spike firing (⌬12 Ϯ 12%, P Ͻ 0.001). In contrast, 7 single units (16%) were labeled paradoxical and had reductions in spike frequency (⌬Ϫ2 Ϯ 1 spikes/min, P ϭ 0.003) and spike incidence (⌬Ϫ5 Ϯ 2 spikes/100 heart beats, P ϭ 0.001) without a change in the probability of multiple spike firing (⌬Ϫ1 Ϯ 10%, P ϭ 0.77). The seven fibers identified as paradoxical had a similar baseline spike firing frequency (13 Ϯ 12 vs. 14 Ϯ 14 spikes/ min, P ϭ 0.79) and probability of multiple spike firing (18 Ϯ 7 vs. 22 Ϯ 16%, P ϭ 0.25) to anticipated fibers. Secondary analysis of single unit responses based on the variability in resting baseline values identified 34 (79%, 4 women and 12 men) anticipated, 4 (9%, 1 woman and 2 men) nonresponsive, and 5 (12%, 2 women and 0 men) paradoxical single unit responses, confirming the existence of divergent single unit response patterns.
The seven paradoxical single units were identified in three participants (2 women and 1 man) whose baseline characteristics were comparable (all P Ͼ 0.05) to the other nine participants (age: 28 Ϯ 7 vs. 26 
Study 2
All experimental procedures were well tolerated. Complete data with high-quality MSNA recordings were obtained in 24 participants (9 women and 15 men, age: 22 Ϯ 3 yr, body mass index: 25 Ϯ 1 kg/m 2 ). Representative data at baseline and during RHG are shown in Fig. 3 .
Hemodynamic and multiunit MSNA responses to RHG. All hemodynamic, respiratory, and MSNA data are shown in Table  2 . Heart rate, cardiac output, blood pressure, and respiration rate were all elevated above baseline levels (P Ͻ 0.05), whereas stroke volume, total vascular conductance, and respiration depth were not different during RHG (P Ͼ 0.05). Multiunit MSNA burst frequency (⌬5 Ϯ 8 bursts/min, P Ͻ 0.004), total MSNA (⌬585 Ϯ 556 AU/min, P Ͻ 0.001), and MSNA burst amplitude (⌬13 Ϯ 14% of baseline peak, P Ͻ 0.001) were all elevated above baseline.
Single unit MSNA responses to RHG. We identified 64 muscle sympathetic single units ( Table 2 ). Relative spike amplitude was correlated negatively with resting firing frequency (r ϭ Ϫ0.74; Fig. 4 ). RHG demonstrated an increase in spike frequency (⌬10 Ϯ 19 spikes/min, P Ͻ 0.001), spike incidence (⌬9 Ϯ 24 spikes/100 heart beats, P ϭ 0.02), and probability of multiple spike firing (⌬11 Ϯ 26%, P ϭ 0.006). Influence of sympathoexcitation magnitude on paradoxical single unit responses. The relative proportion of paradoxical single units was greater during RHG than during LBNP ( Fig.   7 ), despite larger multiunit MSNA burst amplitude (⌬5 Ϯ 7% vs. ⌬13 Ϯ 14%, P ϭ 0.02) and total MSNA (⌬302 Ϯ 191 vs. ⌬585 Ϯ 556 AU/min, P ϭ 0.03) responses during exercise. Additionally, we grouped participants with elevations in total MSNA during RHG above the range of minute-to-minute values during baseline into high (4 women and 5 men, 22 single units) and low (2 women and 7 men, 22 single units) MSNA responder groups. As expected, the change in total MSNA was different between groups (⌬1083 Ϯ 482 vs. 470 Ϯ 337 AU/min, P ϭ 0.006). The high total MSNA responder group had 21 (95%) anticipated and 1 (5%) paradoxical single units, whereas the low total MSNA responder group had 15 (68%) anticipated and 7 (32%) paradoxical single units; which exhibited a proportional difference (P ϭ 0.046).
DISCUSSION
The present results support the existence of postganglionic muscle sympathetic single unit subpopulations with opposite response patterns during low-level cardiopulmonary baroreflex unloading and moderate-intensity RHG exercise in a cohort of healthy young participants. As expected, both nonhypotensive LBNP and RHG resulted in modest sympathoexcitatory responses, increasing all measures of multiunit MSNA. During LBNP (study 1), 84% of identified single units demonstrated anticipated sympathoexcitatory responses in parallel with the integrated MSNA response, whereas the remaining 16% exhibited paradoxical reductions in firing frequency. These relative proportions are consistent with prior observations in healthy aging subjects and patients with heart failure (33, 34). 
H17 DIFFERENTIAL CONTROL OF SYMPATHETIC OUTFLOW IN YOUNG HUMANS
We have now extended these observation by examining the single unit response to RHG, revealing that 61% and 39% of identified MSNA single units demonstrated anticipated sympathoexcitatory and paradoxical sympathoinhibitory responses, respectively. The relative proportion of paradoxical single units during RHG was observed primarily in those with the smallest multiunit MSNA response during exercise. Collectively, this work supports the capacity for complex and heterogenous regulation of muscle sympathetic outflow at the postganglionic fiber level that is influenced by the magnitude of the sympathetic activation.
It is important to acknowledge that, although a number of studies have investigated the concept of differential control of postganglionic sympathetic fibers directed toward the same target organ (7, 8, 13, 16, 43, 50) , these studies can be classified as generally referring to three phenomena. These can be defined broadly as the capacity for postganglionic sympathetic fibers to 1) respond oppositely to a single stimulus (differential response directionality) (43, 50) , 2) respond selectively to specific stimuli but not others (differential response specificity) (7, 8, 16) , or 3) possess distinct recruitment patterns (differential response thresholds) (2, 26, 45, 51) .
Evidence for Differential Response Directionality
Our findings during LBNP, along with previous data from different cohorts (33, 34) , demonstrate that, in response to low-level cardiopulmonary baroreceptor unloading, muscle sympathetic single units can be distinguished based on the direction of their response (i.e., anticipated vs. paradoxical responses). These observations were hypothesized to be the consequence of parallel stimulation of cardiopulmonary unmyelinated and myelinated vagal afferents (33, 34) , shown to evoke peripheral sympathoinhibitory and sympathoexcitatory responses, respectively (11, 40) . If parallel activation of distinct cardiopulmonary afferents are responsible for these subpopulations, the results would reflect an afferent-specific organization of the SNS. The novel finding of paradoxical muscle single unit sympathoinhibition during RHG may have been driven by arterial (18, 20, 46) and/or cardiopulmonary (21) baroreflex loading, in parallel with the influence of sympathoexcitatory neural projections arising from higher-order brain regions (central command) and peripheral skeletal muscle afferents (muscle mechano-and metaboreflex). It is presumed that LBNP decreased central venous pressure, whereas RHG would alter both central and peripheral blood pressure. The more integrative nature of the exercise stimuli could explain the larger proportion of paradoxical firing observed during RHG (Fig. 7) .
Our findings are consistent with prior work in animal models (43, 50) . For example, in rabbits, sympathetic heart, kidney, skin, and muscle single fiber recordings identified two subpopulations that responded oppositely to the injection of centrally acting angiotensin amide but with similar sympathoinhibition to norepinephrine and depressor nerve (arterial baroreceptor) stimulation (43) . Although these results may suggest that this mode of differentiated control is related to central regulation of functionally specific sympathetic premotor neurons, similar divergent response patterns were also observed during peripheral warming and cold stress in all peripheral nerves (43) . Divergent response patterns have also been observed in cardiac sympathetic fibers in response to acute chemoreflex stimulation using hypercapnia (50) . Furthermore, investigating sympathetic preganglionic single units within the white rami of thoracic and lumbar regions has shown subpopulations of neurons that are inhibited, unchanged, and excited in response to epinephrine-induced elevations in arterial pressure in cats, suggesting heterogenous response patterns to arterial baroreceptor loading (47) .
In humans, muscle sympathetic action potentials can also be assessed using a modified continuous wavelet transform approach to investigate neural recruitment strategies (44) . With the use of this methodology, small-amplitude action potentials have been shown to demonstrate paradoxical reductions in firing probability (49) during arterial baroreflex unloading [Ϫ60-to Ϫ80-mmHg LBNP (2, 45), steady-state systemic (29) . Thus, it remains unclear whether postganglionic muscle sympathetic single units exhibit differential response directionality during activation of the arterial baroreflex or chemoreflex.
Evidence for Differential Response Specificity
An important constraint based on classifying single unit responses as anticipated or paradoxical depending on their concordance or discordance with the multiunit MSNA response is that it fails to account for normal variability in sympathetic outflow. Although we maintained this analysis to be consistent with prior works (33, 34) , we also expanded our classification of single units to include a nonresponsive group by assessing whether single units fell above (anticipated response), within (nonresponse), or below (paradoxical response) the range of changes in baseline spike frequency. Using these criteria, we identified 34 (79%) and 32 (50%) anticipated responding single units, 4 (9%) and 19 (30%) nonresponsive single units, and 5 (12%) and 13 (20%) paradoxical responding single units in LBNP and RHG, respectively. These secondary analyses further support the existence of two populations of single units, which respond oppositely to LBNP and RHG. The presence of a nonresponsive subgroup may support the existence of postganglionic muscle sympathetic single units that are unresponsive to LBNP or RHG or that require a larger threshold for activation.
Prior investigations in animal models have observed nonresponse patterns in sympathetic efferent fibers. In rats, a subpopulation of renal sympathetic fibers, silent at rest, were shown to respond selectively to thermoreceptor stimulation of the tail but not to baroreceptor, central or peripheral chemoreceptor, or somatic (tail pinch) stimulation (7, 8) . This subpopulation was shown to possess a distinct firing pattern, functionally significant in its ability to permit larger degrees of renal vasoconstriction (7) . Horeyseck et al. (16) similarly observed in cats a subpopulation of muscle sympathetic fibers that were silent at rest and selectively responsive to stimulation of a hypothalamic "vasodilator area" but not to baroreceptor, somatic, or hypothalamic "vasoconstrictor area" stimulation.
Evidence for Differential Response Thresholds
Wallin et al. (56) reported an inverse correlation between multiunit MSNA burst size and latency and hypothesized this relationship to be the result of shortened synaptic delays within central neuronal pathways governing the firing of postganglionic sympathetic fibers that respond to large-magnitude sympathoexcitatory stress and/or the recruitment of larger, fasterconducting sympathetic postganglionic sympathetic fibers during large-magnitude sympathoexcitatory stress. More recently, this hypothesis has been confirmed using action potential cluster analysis (44) . With the use of these methods, it was shown that postganglionic muscle sympathetic fibers possess an orderly pattern of recruitment depending on fiber size (for a review, see Ref. 49) , similar to Henneman's size principle of motor neuron recruitment (15) . More specifically, smaller and slower-conducting sympathetic fibers are more commonly active at rest compared with larger, faster-conducting fibers, which appear to be recruited in a progressive manner depending on the magnitude of the sympathoexcitatory stimulus (49) .
These findings align with our observation of a strong (r ϭ Ϫ0.74) relationship between relative spike amplitude [assumed to be related to fiber size (5) ] and baseline spike firing frequency ( Fig. 4) , such that larger-amplitude single units usually possessed a lower firing frequency [similar to observations in single fiber recordings in animals (43) ]. Both relative spike amplitude and baseline spike frequencies were not different between anticipated and paradoxical single units and thus did not influence response patterns during RHG. However, the change in spike frequency during RHG was unrelated to baseline spike frequency in anticipated single units but correlated significantly in paradoxical single units, with the latter indicating that larger paradoxical single units (usually with lower baseline spike frequencies) underwent smaller absolute changes during RHG. These results support the concept that rate coding of postganglionic muscle sympathetic fibers may, in part, follow a size principle (49) . Noteworthy, when grouping participants as high and low total MSNA responders during RHG, we observed a near-absent presence of paradoxical single units in the high responder group, which suggests that differential response patterns may predominate in periods of mild sympathoexcitatory stress or can be overridden during more intense sympathoexcitatory stress.
Multisite Regulation Within the Brains Stem: Potential Mechanisms of Differential Control
How the central nervous system can mediate the differential control of postganglionic sympathetic fibers is not clear. The organization of subgroups of rostral ventrolateral medulla (RVLM) neurons (the brain stem region primarily involved in regulating sympathetic premotor activity) related to specific target organs provides evidence for central nervous system multisite regulation of sympathetic outflow (32) . Such control has also been postulated to explain organ-differentiated sympathetic outflow in disease populations, such as heart failure (32) . Evidence for multisite regulation may also be seen from the independent control over multiunit muscle sympathetic burst occurrence and burst strength in humans at rest (22) and during dynamic exercise (9) . Whether subgroups of sympathetic premotor neurons in the RVLM (or other brain regions) are linked with specific afferent inputs or respond differently to the same input stimulus is not known in humans. However, in animals, it has been shown that individual RVLM sympathetic premotor neurons can respond differentially to hypoxia with subpopulations that are activated, inhibited, or unchanged (24) . The existence of a subpopulation of RVLM neurons without baroreflex modulation has also been reported (41) . Additionally, sympathoexcitory neurons can exist outside the RVLM and may possess specific afferent regulation. For example, two functionally distinct populations of reticulospinal neurons within the ventrolateral medulla have been observed, one population inhibited by aortic nerve stimulation (located within the RVLM), involved in arterial pressure control and renal sympathetic outflow, and one population excited by dorsomedial hypothalamus stimulation (located medial to the RVLM), involved in blood flow regulation to the ear (an index of cutaneous vascular control) (23) . Also noteworthy is the topdown influence of supramedullary regions on sympathetic reflex control (3), shown by recent fMRI studies in humans (12, 28, 52) , which may also contribute to differential control of the SNS.
Functional Significance of Differential Control
The functional significance of differentiated sympathetic regulation to the muscle is unknown. Differential control of renal, cardiac, and skin sympathetic fibers can be rationalized based on the knowledge that these organ systems have distinct functional subunits receiving sympathetic innervation [i.e., renal tubules, vasculature, juxtaglomerular granular cells (6), cardiac pacemaker, conductile and contractile tissue (1), skin vasodilator and constrictor, sudomotor, and pilomotor (35) ]. Indeed, one such subpopulation of renal sympathetic fibers in rats was shown to possess a distinct firing pattern that evoked larger degrees of renal vasoconstriction (7) . However, in muscle, the vasculature is the only functional unit known to possess sympathetic innervation (48) . As muscle sympathetic nerves can release multiple neurotransmitters (norepinephrine, ATP, and neuropeptide Y), which may be affected by the firing pattern of postganglionic sympathetic fibers (48), we speculate that differential control of muscle sympathetic fibers could permit greater control over specific neurotransmitter release. Moreover, the ability to differentially control individual sympathetic fibers provides the SNS with greater flexibility in regulating sympathetic burst strength (quantifiable by single unit MSNA probability of multiple spike firing, recruitment of larger faster-conducting action potentials, as well as multiunit MSNA burst amplitude), observed to influence cardiac norepinephrine (25) and peripheral vascular conductance (10) and characteristic of disease states such as respiratory disease and panic disorder at rest (30) and chronic heart failure during static handgrip exercise (36) . Interestingly, we observed an increase in the probability of multiple spike firing of anticipated single units during LBNP in our young healthy cohort, an observation not found in healthy middle-aged adults (34) despite similarities between the groups at baseline (young: 23 Ϯ 16%; middle-aged: 24 Ϯ 9%). These group differences may suggest that, despite comparable anticipated and paradoxical single unit MSNA proportions, the mechanisms governing the increases in spike firing may differ due to age. In young participants, the increase in overall single unit multiple spike firing (with LBNP and RHG) occurred in parallel with an increase in the multiunit MSNA mean burst amplitude, a measure of burst strength. Unfortunately, prior work (33, 34) did not report multiunit MSNA burst amplitude, preventing a direct comparison between studies.
Methodological Considerations
Despite adopting stringent amplitude ranges and waveform matching criteria to maximize our confidence that we were recording from individual sympathetic fibers (27, 31, 36, 37) , we cannot exclude the possibility of recording additional sympathetic fibers with similar action potential amplitudes and shapes. As previously argued (33, 34) , the recording of two (or more) action potentials inappropriately labeled as a single unit would not impact our results, as the selection criteria were applied consistently across both epochs, and the present understanding is for cardiopulmonary baroreflex unloading with LBNP and RHG to evoke muscle sympathoexcitation. If such H21 DIFFERENTIAL CONTROL OF SYMPATHETIC OUTFLOW IN YOUNG HUMANS misclassification did occur, it would likely mean that our number of paradoxical fibers was underestimated. Additionally, simultaneous firing of adjacent sympathetic fibers could alter recorded action potential amplitude or shape and result in misclassification; however, as discussed recently, the likelihood of these incidents are understood to be highly unlikely (30) . On the basis of the consistent relative proportion of paradoxical fibers with LBNP in the present study and other cohorts (33, 34) , as well as evidence that the proportion of paradoxical fibers is increased only with cardiopulmonary loading in heart failure (33), we believe this outcome is unlikely to have impacted our interpretation.
We cannot exclude the possibility that the application of LBNP or RHG caused small changes in microelectrode placement not detected by visual or auditory monitoring or differences in action potential amplitude or morphology; however, in the majority of participants with an observed paradoxical single unit, we also detected an anticipated fiber response. In study 1, we did not assess direct or indirect measures of central venous pressure or blood volume/hydration status; thus, we are not able to assess heterogeneity of cardiopulmonary afferent unloading between participants and the relationship with sympathetic fiber responses. Nonetheless, our LBNP protocol was in accord with previous investigations using similar pressures that all observed significant changes in central or peripheral venous and atrial pressure (19, 33, 34, 42) . We also did not assess the single unit responses to lower body positive pressure; thus, our results may not be generalizable to cardiopulmonary baroreflex loading.
Conclusions
The present studies demonstrate the existence of two distinct subpopulations of muscle sympathetic single units with opposite discharge characteristics in response to selective cardiopulmonary unloading by use of low-level LBNP and moderateintensity RHG in a cohort of healthy young men and women. The results during LBNP extend prior observations in healthy aging and heart failure (33, 34) . In addition, we observed a larger proportion of paradoxical single units during moderateintensity RHG, suggesting the capacity for differential responses to a more integrative sympathoexcitatory stress. We also observed a near absence of paradoxical single units in a subgroup of high MSNA responders, suggesting that differential response patterns may predominate in response to mild sympathoexcitatory stimuli. Future investigations should aim to investigate single unit MSNA response patterns to different isolated cardiovascular reflex systems (e.g., arterial baroreflex, chemoreflex, and muscle mechano-and metaboreflex) as well as investigate the influence of supramedullary circuits and functional significance of differential autonomic cardiovascular control in healthy and diseased states. 
